T he self-assembly of polymer-based surfactants and nanoparticles on fluid−fluid interfaces is an important process which has been exploited for many applications, including dispersion stabilization and novel 2D material synthesis. Amphiphilic copolymers self-assemble into nanostructures via phase separation of chemically distinct units, both on a liquid substrate and in thin films, where the resulting nanostructure morphology can be controlled with the copolymer molecular weight, block mass percentage, and architecture. 1−6 Applications for these materials include high-resolution nanopatterned substrates, nanoporous membranes, lithographic masks, and other nanodevices. 1−6 Surface-active nanoparticles that adsorb to fluid−fluid interfaces enable fabrication of novel 2D materials with macroscopic structures that are used in membranes and capsules. 7, 8 Moreover, inorganic cores can impart additional useful properties (e.g., magnetic, optical, and conductive) to nanoparticulate materials. 9−11 Polymeric and nanoparticle surfactants preferentially adsorb to fluid−fluid interfaces whenever replacing a portion of the fluid−fluid interface with interfaces between the surfactant and the two fluids lowers the overall free energy of the system. The adsorption energy of the surface-active species gives a measure of how effectively interfacial tension can be reduced and can be tuned by either modifications to the surface chemistry or bulk solution conditions. For micrometer-sized or submicrometer colloidal particles, the trapping energy is given approximately by the binding energy model, 12 ΔE = −πR 2 γ 12 (1 − |cos θ eq |) 2 . The contact angle θ eq depends on the interfacial tensions between the liquids and solid particle, γ 1 and γ 2 , following Young's equation cos θ eq = (γ 2 − γ 1 )/γ 12 , where γ 12 is the interfacial tension between the fluids.
Recently, Du, Dinsmore, and co-workers measured the adsorption energy of polystyrene colloidal spheres directly by monitoring the effective interfacial tension reduction at an oil− water interface of a pendant drop due to the adsorbing particles and assuming a closed-packed monolayer. 13 The value of the adsorption energy compared well to predictions of the binding energy model obtained using the contact angle they measured. They used the same method to measure the binding energy of rigid citrate-stabilized gold nanoparticles, whose measured ΔE scaled with R 2 , also in accordance with the binding energy model mentioned above.
However, recent experimental evidence suggests that assumptions of a well-defined contact angle and particle size/ shape at the interface may break down for deformable objects, whereupon the continuum binding energy model would not be appropriate. 14, 15 Additionally, such assumptions may break down if nanoparticles aggregate at the interface. In this case, the binding energy of a single particle is no longer sufficient to describe binding within a particle raft; instead, interactions between particles in the aggregates become relevant. 16 Here, we present a general method to quantify the adsorption energy of surface-active, soluble materials. First, we demonstrate measurements of the adsorption energy of surface-active polystyrene-b-poly(ethylene oxide) (PS−PEO) block copolymers and poly(ethylene oxide) (PEO) homopolymers spread on air−water surfaces, varying both molecular weight and bulk solvent conditions. We then apply our technique to spread layers of iron oxide nanoparticles, each with a deformable poly(ethylene oxide) shell, focusing on how ligand molecular weight influences the adsorption energy of such core−shell nanoparticles.
■ EXPERIMENTAL SECTION
Polymers. Water-soluble, yet highly surface-active poly(ethylene oxide) (PEO) homopolymers of varying molecular weight (0.6, 1.45, 3.35, 10, 100, and 300 kg/mol, Sigma-Aldrich; 6, 20, and 35 kg/mol, Fluka) were used as well as a polystyrene(28.8 kg/mol)-b-poly-(ethylene oxide)(13.3 kg/mol) block copolymer of PDI 1.13, synthesized in the group of Dr. C. J. Hawker (UCSB).
Nanoparticles. Iron oxide−poly(ethylene oxide) (PEO) core− shell nanoparticles with an iron oxide core of mean diameter 8.4 nm were used in this study. Two types of particles were prepared using 2.5K and 5K linear poly(ethylene oxide) ligands (termed L2.5 and L5, respectively), using the preparation method described previously. 17 The "molecular weight" of a single nanoparticle was calculated from the mass of the core, the molecular weight of each polymer chain, and the grafting density 17 (1.67 and 1.40 MDa for L5 and L2.5, respectively).
Monolayer Preparation. All surfactants (homopolymer, block copolymer, and nanoparticles) were dispersed in chloroform and spread onto a high-purity water subphase (18 MΩ·cm, Milli-pore) within a Langmuir trough using a microsyringe. For the study on the effect of subphase composition, we prepared mixtures of high-purity water and ethylene glycol (BDH Chemicals). The surface density (Γ) was determined from the mass of surfactant deposited, trough area, and surfactant molecular weight.
Deflection Microtensiometer (MT). We have previously described the microfabrication and operating principles of deflection microtensiometers (MT) in ref 18 . The microtensiometer consists of an elongated rectangle, microfabricated using the photoresist SU-8 (2010 Series, Microchem) via contact photolithography, which is attached on one side to a grid to hold it in place ( Figure 1c ). Microtensiometer arms are long and slender so that they bend easily, whereas MT "end-caps" are made to be thicker to prevent bending and thus to impose effective "clamped" boundary conditions on the ends of the MT arm "beams." The dimensions of the MTs used in this study are the following. MTs for PEO homopolymers: 3.41 × 0.34 mm 2 MT internal area, 20 μm MT arm width, 20 μm MT arm height. Only the data in Figure 4 and the compression isotherm for PEO 0.6 kg/mol in Figure 5 When placed at a liquid interface, the MT acts as a complete barrier that separates the internal interface from the external one. The inside of the microtensiometer is generally prepared to be surfactant-free, with "internal" surface pressure Π INT = 0, whereas surfactant spread on the interface external to the MT exerts a nonzero "external" surface pressure Π EXT . A surface pressure difference
deflects the long, thin, MT arms. The measured deflection can be related directly to the instantaneous surface pressure difference ΔΠ MT using elastic beam theory, from the geometry and elastic modulus of arms. When Π INT = 0, the MT and WP give identical results. 18 The microtensiometer is placed on a clean air−water surface of a Langmuir trough equipped with a Wilhelmy plate ( Figure 1a ). Wires affixed to the solid "grid" structure ( Figure 1c ) are used to maintain the MT in a fixed position for visualization and image analysis.
The microtensiometer is visualized in bright-field using a motorized zoom lens microscope (Navitar 6.5×) resting upon a motorized XYZ stage (ThorLabs). Images of the device center are acquired with a digital camera (Hitachi KP-F80SCL) and frame grabber (NI PCI-1428). The deflection of the MT arms is measured by tracking two circular markers located at their center ( Figure 1b ). A data acquisition device (NI PCIe-6353) measures the voltage output from the Wilhelmy plate system (Reigler & Kirstein) equipped with a filter paper plate. A custom LabVIEW code interfaced with the frame grabber and DAQ hardware is used to quantify the deflection of the MT beams (and thus surface pressure difference) in real time, while simultaneously controlling the barrier motiongenerally compressing the surface at 4.5 cm 2 /minas well as acquiring the surface pressure from the WP.
Wilhelmy Plate Tensiometry of Nanoparticle Adsorption. A Wilhelmy Plate (WP) tensiometer equipped with a roughened platinum plate (KSV 5000, Finland) was used to measure the surface pressure of aqueous NP suspensions at a flat air−water interface, which increased as NPs spontaneously adsorbed to the interface via diffusion through the bulk phase. The measurements were carried out by filling two identical containers with 5 mL of pure water and 10 μM aqueous NP suspensions, respectively. The WP plate was first immersed in the pure water container to zero the pure air−water interfacial tension and then immersed in the aqueous NP suspension to the same immersion height to measure the pressure due to NP adsorption. The whole zeroing process lasts less than a minute, but during this time some NPs already adsorb at the interface, which gives a nonzero surface pressure at the beginning of the curves in Figure 7c .
Atomic Force Microscopy (AFM) Imaging. To compare the morphology of the block copolymer monolayer to previous studies, we imaged transferred monolayers using AFM. First, Langmuir−Schaefer deposition was used to transfer the block copolymer monolayer to a solid substrate. A mica surface (S&J Trading Inc.) is placed directly below the air−water surface. After spreading 8−10 μL of a chloroform solution containing PS−PEO, the surface is compressed to the desired surface pressure. A syringe pump is used to remove water from behind the barrier at 10 mL/min, which slowly lowers the level of the interface and transfers the monolayer to the mica substrate. The mica substrate with the deposited monolayer is then imaged in AFM tapping mode (MMAFM-2, Digital Instruments) with a cantilever tip (Asylum Research, AC160TS).
■ RESULTS AND DISCUSSION
To measure adsorption energies of surface-active species, we compare surface pressure (Π)−density (Γ) compression measurements taken simultaneously in a Langmuir trough using a Wilhelmy plate tensiometer (WP)which measures the surface pressure of a liquid surface (Π WP )and a custombuilt, deflection microtensiometer (MT) 18 (Figure 1 ), as described above.
Polymeric Surfactants. Figure 2a shows quantitative agreement between the microtensiometer and Wilhelmy plate in the measured Π−Γ isotherm of the block copolymer PS− PEO, spread at an air−water surface, over the entire concentration range. The isotherm is similar to previously reported PS−PEO isotherms: 19−21 at low concentrations, the surface pressure increases gradually as the film is compressed, exhibits a pseudo-first-order plateau at intermediate pressures (∼8−10 mN/m), and then increases sharply with concentration. AFM imaging of the monolayer after Langmuir− Schaefer deposition (Figure 2b ,c) reveals a microstructure of self-assembled nanodots, similar to those observed with block copolymers containing 30 wt % PEO. 22−25 These structures form due to aggregation of the hydrophobic polystyrene block and consist of a PS-rich core stabilized by the PEO block underneath and in the corona, and the sharp increase in Π indicates repulsion between the aggregate cores. The highly insoluble PS core anchors the aggregates to the surface, resulting in behavior typical of an insoluble monolayer.
Similar features are seen with 10K PEO homopolymer chains at low surface pressures, but significant differences between ΔΠ MT and Π WP appear at higher Π (Figure 3a) . At low surface concentrations, the MT and WP isotherms agree quantitatively, as in Figure 2a for PS−PEO monolayers. Above Γ ≈ 0.04−0.05 chains/nm 2 , however, ΔΠ MT deviates from Π WP . While Π WP plateaus at 9 mN/m, ΔΠ MT decreases as Γ increases.
The plateau in surface pressure at high surface densities has typically been attributed to monolayer collapse and solubilization of PEO into the water subphase. 26−33 Partial desorption of PEO would not explain the discrepancy between ΔΠ MT and Π WP , since segment desorption would affect ΔΠ MT and Π WP in the same way. Instead, our data at high surface concentration suggest that entire PEO chains detach, diffuse through the bulk underneath the MT arms, and readsorb onto the initially clean internal MT surface, increasing Π INT and thus decreasing ΔΠ MT via eq 1. Figure 4a provides further confirmation of this mechanism. A 10K PEO monolayer was compressed at 4.5 cm 2 /min for 2100 s to ΔΠ MT ∼ 8.5 mN/m and then held at fixed area. In the time that followed, the surface pressure difference ΔΠ MT measured by the microtensiometer decreased steadily, essentially reaching zero after approximately 1 h. Once ΔΠ MT reached zero, the barrier was retracted to increase the external surface area, rapidly decreasing Π EXT . The MT arms swelled outward, indicating a negative ΔΠ MT and thus Π EXT < Π INT , confirming that surfactant had indeed readsorbed onto the internal surface. The pressure difference remained negative until the internal surface of the MT was aspirated (at t ≈ 11 500 s), returning Π INT and thus ΔΠ MT to 0, and restoring the original MT shape (Figure 4b) .
Desorbing a single chain from a densely populated surface opens up an area ΔA = 1/Γ of "clean" interface into which other adsorbed chains can spread and relax. The free energy of the interfacial layer is then reduced by an amount ΔE = −∫ Π dA, or approximately −ΠΔA ∼ −Π/Γ for small chain areas. At a critical desorption pressure (Π des ) and surface density (Γ des ), the work ΔE des required to desorb one chain is precisely compensated by the free energy gained by expansion of the remaining adsorbed chains and is given by
The desorption energy ΔE des can thus be determined by measuring the critical values Π des and Γ des where desorption begins to occur. Equation 2 relates the equilibrium desorption energy to a maximum steady surface pressure and concentration, above which chain desorption is thermodynamically favored. The practical measurement of ΔE des , however, can be limited by two dynamic processes. First, the kinetics of desorption and adsorption may itself be prohibitively slow, particularly when ΔE des ≫ k B T. Second, the desorbed material must be transported to the "internal" MT interface and readsorb. If the mass transport is primarily diffusive, equilibration past a barrier of length L requires a time scale L 2 /D. Given the dimensions of the microtensiometer arms (see Experimental Section), and diffusivities ranging from 3.6 × 10 −10 cm 2 /s for the smallest homopolymers to 1.1 × 10 −11 cm 2 /s for the largest ones, 34 mass transport times range from 10 to 330 s. We cannot exclude the presence of convection in the experiments, which will reduce the time lag in a way that cannot be controlled in our setup. We therefore assign an upper bound for Π des and Γ des by the point where the internal Π INT exceeds the collective sensitivity of the MT/WP measurement, which is 0.2 mN/m, and note that one source of experimental uncertainties is given by the time for mass transport relative to the compression rate. Desorption of 10K PEO starts at Π des = 9 mN/m and Γ des = 0.048 chain/nm 2 , from which ΔE des ≈ 46 k B T/chain. While we have assumed no barriers to adsorption on the (clean) internal surface to the MT, such kinetic barriers could exist for other surfactants and would introduce a further delay in the detected desorption.
The compression measurements in Figure 5a show that both the surface pressure and concentration at the desorption transition depend upon the PEO molecular weight ( Figure  5b ,c). We find that Π des follows a similar trend with M W as previously reported collapse pressures, 29, 30, 33 becoming nearly independent of M W above O(10 kg/mol). Higher molecular weight PEO is more likely to remain anchored to the surface until higher surface pressures and higher monomeric surface densities 33 are reached, as it can be seen in Figure 5b ,c. The adsorption energy per chain in Figure 5d scales linearly with molecular weight or number of segments, suggesting that the chain is strongly adsorbed to the interface. Furthermore, the scaling indicates a desorption energy that varies in proportion with the physical area occupied by the polymer chain at the interface (itself a linear function of the number of monomers N). 35, 36 Assuming ΔE chain = NΔE monomer , we find an adsorption energy of approximately 0.15 k B T per monomer. Lastly, the lack of any measurable surface pressure for a 0.6 kg/mol PEO sample spread at a similar initial surface density of EO monomers (Figure 5a ) suggests a lack of surface activity of these chains. This may not be surprising, considering that our assumed value of 0.15 k B T per monomer would imply only 2 k B T total adsorption energy for each chain.
The EO monomer adsorption energy has previously been estimated from surface pressure/area isotherms of PS−PEO block copolymers. 19, 21 The appearance of a pseudoplateau at a surface pressure of approximately 10 mN/m is linked to the onset of solubilization of PEO segments and the transition between a fully adsorbed copolymer layer to a configuration where the PS blocks stay anchored at the interface and PEO chains form a brush in the water subphase. Bijsterbosch and coworkers 19 estimated an effective adsorption energy of 0.4 k B T per monomer using scaling estimates of the surface density of EO monomers. Faure and co-workers 21 found optimal agreement between their measured isotherms and ones obtained from single chain mean-field calculations when their adsorption energy parameter was chosen to be about 1 k B T per monomer. Given the smooth transition to the pseudoplateau in the experimental data (as opposed to a sharp transition in the SCMF predictions), it is difficult to estimate the onset of segment desorption with high accuracy. Moreover, the presence of the PS anchoring blocks may influence the density profile of desorbed EO segments close to the interface. Given the sharp experimental signature of our method, and the cleaner physical measurable (i.e., complete desorption of simple PEO homopolymer segments), our measurement should be free of these additional complications.
Subphase composition also affects PEO desorption energy ( Figure 6 ). Figure 6a shows a gradual shift of 10K PEO isotherms to lower surface pressures, as the fraction of ethylene glycol (EG) in the subphase is increased (from 0 to 1, 4, 8, and 16 wt %). The reduction in the measured surface pressure at desorption (Π des,0 − Π des ) varies linearly with the reduction in the subphase surface tension (γ 0 − γ) caused by the added ethylene glycol 37 (Figure 6c ). The addition of ethylene glycol may also change Γ des for a given PEO M W ; however, variations appear too small to be measured accurately (Figure 6b ). The reduction in adsorption energy (ΔE 0 − ΔE), calculated from the surface pressure reduction at an average Γ des of 0.048 chain/nm 2 , also shows a linear variation with the subphase surface tension reduction (Figure 6d ). This strong correlation with surface tension indicates that the decrease in polymer adsorption energy reflects the competition between adsorption of polymeric and monomeric ethylene glycol. Monomeric ethylene glycol reduces surface tension as it adsorbs, some of which must be displaced for PEO to adsorb, at a free energy cost that reduces the net free energy of adsorption for a PEO chain. Conversely, desorption of a PEO chain, which would require NΔE monomer on a clean interface, is partially compensated by the readsorption of EG monomers, reducing the desorption energy.
Nanoparticle Surfactants. Having built a consistent picture of the PEO adsorption/desorption energy at aqueous interfaces, we turn to PEO-coated iron oxide nanoparticles spread at air−water surfaces. Several techniques have been previously employed to detect desorption of nanoparticles from fluid interfaces. Garbin and co-workers 38 mechanically forced gold nanoparticles to desorb from the interface of a pendant oil−water drop, detected the desorbed particles optically, and used eq 2 to determine ΔE des , with results that were similar to the adsorption measurements of Du et al. 13 Stefaniu and coworkers 39 detected the desorption and readsorption of copolymer-coated iron oxide nanoparticles, similar to the ones presented here, from air−water interfaces. Using two Wilhelmy plates, they measured the surface pressure on both sides of a Langmuir trough barrier and detected the readsorption of desorbed particles onto the (initially clean) surface behind the barrier, akin to the Π INT measurements made by our MT. Additionally, they transferred the interface behind the barrier onto a solid surface and used atomic force microscopy to verify nanoparticle readsorption.
Results from the WP/MT technique described here are consistent with these earlier techniques, with several advantages. The microtensiometer can detect desorption/readsorption (and thus measure ΔE des ) for surfactants that cannot be detected optically. Furthermore, the MT introduces a significantly lower barrier to mass transport: desorbed particles or surfactants must diffuse only tens of micrometers, rather than centimeters, to traverse the barrier, thereby reducing measurement delays and uncertainties. Figure 7a ,b shows the characteristic agreement between MT and WP at low nanoparticle surface concentrations, followed by deviations at higher pressures and concentrations. As with the PEO polymer surfactants, we interpret these deviations in terms of nanoparticle desorption and readsorption inside the MT. To confirm readsorption of the L5 nanoparticles to the internal surface, we expanded the external surface area at ∼3750 s in Figure 7a , decreasing the external surface pressure rapidly, leading to a negative measured ΔΠ MT (positive Π INT ). Following the external expansion, Π INT remains stable until the internal interface is aspirated at ∼4100 s.
Uncertainties in the measured values of ΔE des arise due to the finite time required for desorption/readsorption processes to occur, whether due to finite desorption kinetics or mass transport delays while desorbed NPs diffuse under MT arms. Figure 8 shows stepped-compression experiments designed to measure NP adsorption energy more accurately by minimizing the impact of these delays upon the measured Π des . In steppedcompression experiments, the concentration is increased slowly, in discrete increments of ΔΓ/Γ 0 = 0.2, each followed with a 5 min period (which is longer than L 2 /D for the nanoparticles) where the area was held constant to allow for internal relaxation of the monolayer. The Π des values obtained from stepped-compression3.9 mN/m for L2.5 and 5.7 mN/m for L5 (Table 1) Figure 7a,b) . Measured adsorption energies for the PEO-coated nanoparticles, listed in Table 1 , are of order 1000 k B T, similar to values calculated previously for similarly sized nanoparticles at decane−water interfaces. 14 We will compare below our results to a simple model, but we already note that as expected, the largest nanoparticles, with 5K linear ligands, have higher adsorption energy. Assuming the surface to be hexagonally close-packed, the characteristic interparticle separation at the onset of desorption can be estimated from the critical surface concentration, Γ des , via
The separation distance of the nanoparticles measured at air− water surfaces (calculated using eq 3 to be 39.7 and 37.3 nm for L5 and L.25, respectively) and at the decane−water interface (measured using X-ray reflectivity 15 at saturation to be 54.4 and 39.8 nm for L5 and L.25, respectively) are both significantly larger than the diameter of nanoparticles in bulk aqueous solution (measured to be 30 and 23 nm for L5 and L2.5, respectively). 15 This large lattice spacing indicates PEOfunctionalized NPs interact repulsively over distances longer than the equilibrium brush thickness in bulk solution, revealing instead the PEO corona around each interfacially adsorbed NP to be strongly deformed and highly flattened (e.g., Figure 9 ). Similar morphologies have been directly observed for larger soft particles. 40 The desorption processes measured here thus involve the interaction of significantly stretched interfacial shells. As with homopolymer chains, entire NPs desorb from the particulate monolayer once further compression of interfacial PEO chains/shells would cost more energy than expelling a particle from the interface. During adsorptive equilibration, nanoparticles adsorb to the interface until the energy required to make sufficient space for the adsorption of an additional particle is higher than the energy gained from the particle adsorption. Detailed balance, of course, dictates that adsorption and desorption rates be equal in equilibrium. In equilibrium, then, desorption pressures and concentrations Π des and Γ des must be identical to the analogous quantities measured during spontaneous adsorption measurements. Various dynamical processes are required to achieve equilibrium, however, and extremely slow kinetics may render equilibration times prohibitively long. Nonetheless, the desorption surface pressures measured in stepped-compression experiments are very close to those measured via spontaneous adsorption (as reported in Figure 7c ). Furthermore, the lattice spacing inferred from desorption measurements on air−water interfaces (S des,hcp ∼ 40 nm) agrees well with lattice spacings measured at decane−water interfaces using X-ray reflectivity. 15 These results highlight that the size of the stretched PEO shell depends only weakly on the nature of the nonpolar phase.
Previous calculations of the adsorption energy of core−shell PEO−iron oxide NPs at the oil/water interface 14 considered the different solubility of the PEO chains in the two solvents but neglected the effects of the interface. Reasonable estimates were nonetheless obtained for ΔE ADS . The experiments presented here, however, strongly suggest the PEO shells are highly deformed at the interface and that a more accurate model must account for the effects of the interface itself. We have thus incorporated interfacial deformations into a simple model system, shown in Figure 9 , which we now use to calculate the free energy of adsorption of PEO NPs at the air− water interface. We consider first a core−shell nanoparticle fully immersed in a good solvent (water). As in an earlier study, 14 we denote the total number of (homogeneously) grafted chains by n = 4πC 2 /Σ on the surface of the particle, where C is the radius of the nanoparticle and Σ the grafting density. The free energy of the polymer-coated nanoparticle can then be written as F 1 = nf 1 (R 1 ), where f 1 (R 1 ) is the free energy of a single chain that is extended to a length R 1 . We further assume that f 1 can be decomposed into an elastic contribution and a mean-field interaction between chains in the brush, f 1 = f 1 elast + f 1 int . Since air is such a poor solvent compared to water, we assume the nanoparticle resides completely in the good solvent (Figure 9) , with grafted polymers stretching out along the interface in a layer of (unknown) thickness δ, with the number of chains in this layer given by n δ = 2πCδ/Σ. Assuming the rest of the brush to be unperturbed by the interface, the free energy of an adsorbed core−shell nanoparticle can then be written F 2 = (n − n δ )f 1 (R 1 ) + n δ f δ (R δ ), where f δ is the free energy of a single chain in the interface layer and R δ its equilibrium extension. The single-chain free energy is decomposed into different components, f δ = f δ elast + f δ int + f interface , where f interface = −γ eff Nπa 2 , γ eff is an effective interfacial tension representing the interaction of EO monomers in the dense, quasi-2D brush with the interface, and N is the number of monomers of size a in the layer. Because each monomer gains an amount of −γ eff πa 2 when adsorbed to the interface, f interface is proportional to N but independent of the coil size R. For further details of the model, please see the Supporting Information.
For PEO chains of molecular weight 2737 and 5557 g/mol (chain lengths of N = 62 and N = 126) used in this study, we calculate the equilibrium brush height in water to be R 1 ≈ 5.8 and 9.0 nm, while the polymer chains in the interface layer are stretched much more significantly, with values of R δ ≈ 13 and 23 nm, respectively. Precise values for R 1 and R δ are fairly insensitive to the value chosen for the interface layer thickness δ within a reasonable range (1−3 nm); those values of δ determine an effective 2D grafting density (number of chains per unit length) of the PEO brush confined at the interface which give good agreement with the interparticle separation measured by X-ray reflectivity. 15 Significantly, even this simple model predicts the interface layer to have an extension R δ that compares well with the values deduced from NP desorption measurements.
On the basis of the simple model, we estimate the desorption energy ΔE of the coated nanoparticle by the difference in the free energy in the desorbed and adsorbed state,
. Thus, the desorption energy is given by the difference in free energy between the chains in the brush (bulk) and in the interface layer. While our model assumes the size of the polymer shell to be independent of the interfacial tension, the desorption energy it predicts scales linearly with γ eff . Taking a reasonable value of δ = 3 nm for the interfacial layer thickness, this model predicts the experimentally measured desorption energies with effective interfacial tensions of γ eff ≈ 21.5 and 18.5 mN/m for the shorter and longer PEO chains, respectively. Both values of the effective interfacial tension are nearly constant at around γ eff ≈ 20 mN/m, irrespective of the PEO chain size.
■ CONCLUSION
We have demonstrated a technique to measure the adsorption energy of surface-active polymers and nanoparticles. Using a Langmuir trough to control directly the surface concentration, we measure the surface pressure with a standard Wilhelmy plate tensiometer and our in-plane, deflection microtensiometer. Deviations in the measured compression isotherms reflect a nonzero surface pressure inside the MT, which arises when polymer and nanoparticle surfactants desorb from the exterior (high-concentration) interface and adsorb onto the (clean or low-concentration) interface interior to the MT. Measurements of the critical surface pressure and concentration required for desorption enables the free energy of adsorption/desorption to be extracted quantitatively.
A PS−PEO block copolymer was shown to aggregate effectively into surface micelles that anchor so strongly to the air−water interface that we never detected desorption. By contrast, PEO homopolymers are surface-active on aqueous interfaces but do desorb from the surface at sufficiently high surface concentrations. The measured adsorption energy per chain scales linearly with the molecular weight of PEO and also depends on the solvent conditions of the subphase.
Iron oxide−PEO core−shell nanoparticles have adsorption energies on the order of 1000 k B T, in accordance with predictions from a model that takes into account explicitly the surface activity of the PEO chains. The critical surface concentration of desorption is relatively low, supporting a picture of particles that adopt a highly deformed configuration on the surface, with highly stretched PEO ligands. The adsorption pressure, as measured with the comparative MT/WP technique, shows good agreement with WP measurements of spontaneous adsorption from solution. Desorption energies, concentrations, and pressures derived from forced desorption experiments also agree.
Although it may seem reasonable to consider surface-active particles with ∼10 3 k B T desorption energies to be irreversibly adsorbed, sufficiently high pressures can be easily accessed by compression in a Langmuir trough. This result has direct relevance for material fabricatione.g., for Langmuir−Blodgett deposition of monolayersand highlights an important, yet generally overlooked feature in the processing of Pickering emulsions stabilized by small nanoparticles. In essence, 10 3 k B T binding energies may not necessarily be irreversible when interfaces are compressed, and droplets in relative motion may drive localized compressions, causing particle desorption and subsequent destabilization.
Finally, we remark that the adsorption energy of an isolated particle or chain may be different from the desorption energy of the same object from a densely packed monolayer. We expect this to be true for soft and interacting objects, highlighting qualitative differences in adsorption for this more general class of systems, when compared with the special case of hard particles. Our experiments therefore open the way toward the characterization of the adsorption of complex objects at fluid interfaces, with direct relevance for various systems of both fundamental and applied interest. 
